Dwindling water resources combined with meeting the demands for food security require maximizing water use efficiency (WUE) both in rainfed and irrigated agriculture. In this regard, deficit irrigation (DI), defined as the administration of water below full crop-water requirements (evapotranspiration), is a valuable practice to contain irrigation water use. In this study, the mechanism of paclobutrazol (Pbz)-mediated improvement in tolerance to water deficit in tomato was thoroughly investigated. Tomato plants were subjected to normal irrigated and deficit irrigated conditions plus Pbz application (0.8 and 1.6 ppm). A comprehensive morpho-physiological, metabolomics and molecular analysis was undertaken. Findings revealed that Pbz application reduced plant height, improved stem diameter and leaf number, altered root architecture, enhanced photosynthetic rates and WUE of tomato plants under deficit irrigation. Pbz differentially induced expression of genes and accumulation of metabolites of the tricarboxylic acid (TCA) cycle, γ-aminobutyric acid (GABA-shunt pathway), glutathione ascorbate (GSH-ASC)-cycle, cell wall and sugar metabolism, abscisic acid (ABA), spermidine (Spd) content and expression of an aquaporin (AP) protein under deficit irrigation. Our results suggest that Pbz application could significantly improve tolerance in tomato plants under limited water availability through selective changes in morpho-physiology and induction of stress-related molecular processes.
. Extensive metabolite profiling of crop plants under drought or low water availability has indicated a major shift in the metabolome, a change likely to be associated with improvement in drought tolerance 16, 17 . As such, metabolomic events under water deficit are guided via differential expression of numerous genes involved in the regulation of plant metabolism 18, 19 . Hence, a strategy that affects the transcriptome and metabolome to induce drought or water deficit tolerance mechanisms could provide a successful approach to enhance plant response to water stress.
Genetic engineering has helped in improving the drought tolerance of tomato cultivars 20, 21 although negative public opinion has triggered a debate 20 preventing its further use. In lieu of genetic engineering, exogenous application of phytohormones has emerged as an alternative approach for strengthening and improving plant tolerance to drought, without altering its genetic makeup 22, 23 . In recent years, use of pesticides and fungicides, such as Paclobutrazol (Pbz), has shown a potential for improving crop drought tolerance 24 . In general, Pbz is used extensively to control insect and fungal attacks on crops via targeting the ecdysis of insects and fungal sterols 25 . The anti-gibberellin (GA) actions of Pbz have been well documented in plants; for example, plants treated with Pbz exhibit stunted growth due to reduced GA endogenous levels 25 . Previous investigations have indicated a role of Pbz in improving the drought tolerance of crop plants, but until now, its mode of action has remained largely unknown. Pbz application has shown positive impact on drought tolerance potential of crop plants, but lack of in-depth understanding about Pbz mode of operation under drought stress limits their application in crop plants. The present study was designed to determine the effects of Pbz on the tolerance of tomato plants under a water deficit regime. To achieve the said objective, a comprehensive investigation was undertaken to elucidate the mechanisms of Pbz-mediated water deficit tolerance using whole plant (physiological) and molecular approaches.
Results and Discussion
Pbz induces morphological adaptations that enhance tolerance to deficit irrigation. Pbz application resulted in a reduction in tomato plant height irrespective of growth conditions (Fig. 1C ) in line with previous published reports 26 . Reduced size in Pbz-treated plants may be linked with its inhibitory action on the GAs, which are involved in cell division. Pbz application also increased stem width and leaf number in all the conditions tested (Fig. 1A,B ). These observations are in accordance with previous work in tomato and other crop plants 27 . Pbz (at 1.6 ppm) significantly reduced leaf area (LA) (28% and 24%) in both irrigated and deficit irrigated conditions (Fig. 1D ). Nevertheless the effect of Pbz on tomato roots was a reduction in root area (RA) (at 1.6 ppm under deficit irrigation) (Fig. 1E) . Integrating leaf and root observations, Pbz application led to decreased LA/RA ratio in irrigated plants (Fig. 1F) . The Pbz-induced change in LA under deficit irrigation may be linked to improved water use efficiency (WUE) ( Table 1) 28 . Water use efficiency (WUE) increased in 0.8 I and 1.6 I plants as compared to irrigated control. However in case of deficit irrigation, the WUE increased only in 0.8 DI plants. The 0.8 DI plants have WUE close to irrigated control plants, which suggest that the Pbz induced higher WUE in deficit irrigated plants affording them improved WUE as irrigated control plants (Table 1) .
Biomass. Applications of Pbz (0.8 and 1.6 ppm) reduced tomato shoot dry weight (ShDW) and root dry weight (RDW) considerably (Fig. 1G,H) . No significant change in RDW/ShDW ratio was observed in irrigated plants (Fig. 1I ). In contrast, under deficit irrigation, Pbz (at 1.6 ppm) the RDW/ShDW ratio decreased significantly (67%) compared to the control (Fig. 1I) , not observed in previous reports 27, 29 . Changes in the RDW/ShDW ratio have been linked to the Pbz-induced inhibition of GA biosynthesis leading to reduced shoot growth 30 . Pbz application under irrigated conditions lowered relative growth rate (RGR) by 0.7-fold (0.8 ppm). Conversely, this effect of Pbz was overturned during deficit irrigation revealing an increase in RGR by 0.6-fold (1.6 ppm) compared with control plants (Fig. S1 ).
Pbz application and physiological parameters. In the current study, chlorophyll content increased in both irrigated and deficit irrigated Pbz treated plants as compared to their respective control (without Pbz). In Pbz treated irrigated plants, the maximum chlorophyll content was observed at 77d, thereafter it gradually declined, while in deficit irrigated Pbz treated plants the maximum chlorophyll content (slightly higher than irrigated plants) was observed at 92d, declining thereafter (Fig. S2 ). This data demonstrates that Pbz enhanced the chlorophyll content independent of water stress stress in both irrigated and deficit irrigated plants. At 77d, DI+ Pbz plants had chlorophyll content equal to irrigated plants, which suggest that Pbz compensates deficit irrigation induced reduction in chlorophyll content by maintaining higher chlorophyll content in DI plants and thus affords them better photosynthesis similar to irrigated plants (Fig. S2) . Consequently, Pbz application increased photosynthesis in tomato leaves (Table 1 ). These observations are in agreement with previous findings 31, 32 . in Pbz treated deficit irrigated plants (DI+ Pbz) as compared to deficit irrigated (DI) control plants (Table 1) . DI+ Pbz plants maintain NPQ equal (slightly increased) to irrigated control plants (Table 1) , thus application of Pbz promotes the maintenance of higher NPQ similar to irrigated plants and may helps to protect them from the adverse effects of deficit irrigation stress. Pbz-mediated enhancement of NPQ could have enabled the plants to neutralize excess incident energy through heat dissipation 33 . While higher rates of photosynthesis in the Pbz-treated plants (Table 1) could be linked with leaf structural adaptations, such as higher Chl index and reduced specific leaf area (SLA) (Figs S2 and S3). For example, thicker leaves in combination with high Chl content lead to higher photosynthetic rate in Catharanthus roseus 34 . Stomatal conductance increased in DI+ Pbz plants as compared to DI control plants. In case of irrigation, Pbz supplemented plants also showed slightly increased stomatal conductance relative to control irrigated plants (Table 1) . Application of Pbz increased electron transport rate (ETR) irrespective of the growth conditions ( Table 1 ). The higher stomatal conductance and ETR in the Pbz-treated plants could be attributed to increased cytokinins 35 . Pbz affects ABA metabolism and aquaporin expression in tomato. ABA is a key player in a plant's drought responses, synthesized rapidly at the onset of stress; it affects stomatal closure and root to shoot (R/S) ratio, and consequently the plant's water status. Endogenous ABA level has been linked with the activity of aquaporins, which play crucial roles in water uptake in plants 36 . To study the influence of Pbz application (0.8 and 1.6 ppm) on ABA metabolism we studied ABA content and expression of ABA biosynthesis genes under irrigated (I) and deficit-irrigated (DI) conditions. The DI+ Pbz treated plants showed significantly higher accumulation of ABA content as compared to DI control plants. The irrigated plants did not show enhanced ABA synthesis in the presence of Pbz ( Fig. 2A) . Further, this increased ABA content in DI+ Pbz plants is supported by up-regulation of ABA biosynthesis genes (SlZEP, SlNCED and SlAAO1) in DI+ Pbz plants as compared to DI control plants (Fig. 2B,C) . Similarly, the unchanged ABA content in I and I+ Pbz plants is supported by expression analysis of ABA biosynthesis genes (Fig. 2B,C) . This data supports that Pbz mediated change in ABA content is dependent on irrigation. The one possible reason could be already enhanced GABA signaling in DI plants which leads to activation of Ca 2+ signaling pathways and ultimately the enhanced activity of ABA biosynthesis pathway. In contrast to previous studies, the control DI plants showed slightly low ABA content as compared to irrigated control plants ( Fig. 2A) . The main cause behind this unchanged (slightly low) ABA content in deficit irrigated (DI) as compared to irrigated plants may lie in our experimental procedure as well as advanced developmental stage of plants. There are several reports depicting short exposure (from few days to two weeks) of complete drought stress (no watering) inducing the ABA content rapidly. However, there are no reports depicting longer effect (more than one month) of drought stress in older plants in existing literature. In our study, we performed deficit irrigation (70% of the evaporative demand) instead of complete withdrawal of irrigation. Another considerable difference from previous studies is that we started deficit irrigation in older plants (50-days-old) and continued it for up to 105-days. Further, this reduced ABA content in deficit irrigated plants is supported by down regulation of ABA biosynthesis genes (SlZEP, SlNCED and SlAAO1) in deficit irrigated plants as compared to irrigated plants (Fig. 2B,C) . The 0.8 and 1.6 DI plants showed significantly higher ABA contents compared to DI control plants ( Fig. 2A) . Further, physiological analysis revealed no significant change in shoot dry weight in 0.8 and 1.6 DI plants relative to DI control plants (Fig. 1H) . However, leaf area reduced significantly in 1.6 DI plants as compared to DI control plants (Fig. 1D) . Surprisingly, the root dry weight significantly reduced in 0.8 and 1.6 DI plants than DI control plants (Fig. 1G) . The deficit irrigated control plants (0 DI) exhibited higher RDW/ShDW ratio compared to 0.8 DI and 1.6 DI plants (Fig. 1I) . The 1.6 DI plants showed lower RDW/ShDW ratio which is very close to irrigated plants (Fig. 1G ). In conclusion, the increased ABA content in 1.6 DI plants helps to sustain better physiological status similar to that of irrigated plants.
Water deficit is often supplemented by a secondary osmotic/oxidative stress in plants. At this point the concentration of ABA builds up facilitating re-dehydration and water uptake in plants via aquaporins 37, 38 . We therefore analyzed the expression of tomato aquaporin gene TIP2, (Sl tonoplast intrinsic protein2) as well as protein PIP2-7 (Plasma membrane intrinsic protein 2-7), under irrigated and water deficit conditions. Pbz at both 0.8 and 1.6 ppm concentration significantly affected aquaporin (gene and protein) expression compared to control plants supporting a coordinated up-regulation of ABA and aquaporin levels under water deficit (Fig. S4 ). Western blot analysis showed an elevated PIP2-7 in 0.8 ppm Pbz irrigated plants relative to irrigated control (Fig. S4B) . Similarly, Pbz-treatment under deficit irrigation (having elevated ABA levels) recorded even higher protein level of PIP2-7 (compared to Pbz-irrigated) caused by elevated expressions of SlTIP2 by 4.76-(0.8 ppm) and 5.3-folds (1.6 ppm treated) over the control (Fig. S4C ). Elevated expression of PIP2-7 under deficit irrigation in response to Pbz application indicates its active role in stimulating aquaporin (AP) channels' de novo synthesis which facilitates water uptake and management during deficit irrigation. From these observations it is plausible to suggest that increased ABA in Pbz-treated plants under deficit irrigation leads to reduced water loss through stomatal closure 8 or alternatively manipulated the R/S ratio to manage plant water status through stimulating the activity of AP 37, 38 .
Pbz affects central metabolism through enhanced TCA cycle activity under deficit irrigation.
The after effect of a drought episode is to achieve an immediate cellular and biochemical homeostasis. In recent years the field of metabolomics has helped to envisage the physiological picture by enabling a deeper understanding of stress acclimation response of plants 39 . Therefore, to study which metabolites are affected by Pbz application (irrigated/deficit irrigated) leaf metabolism was harnessed by metabolic profiling and a corresponding analysis of expression of key genes involved in TCA cycle was undertaken. A positive correlation could be established between TCA cycle metabolite abundance and corresponding gene expression under water deficit with Pbz concentration (0.8 and 1.6 ppm) compared to irrigated control. For example, a deficit irrigation associated increase in aconitic acid relative content was observed through up-regulation of Sl Aconitase (SlAco1 and SlAco2, aconitic acid biosynthesis enzyme) expression (Fig. 3) . Similarly a positive correlation was also witnessed between other TCA cycle metabolites such as citrate, succinate and fumarate and up-regulation of genes encoding enzymes of their biosynthesis (Fig. 3) .
Pbz (0.8 and 1.6 ppm) application under deficit irrigation was found to increase citrate content 2.18-and 1.64-folds, due to up-regulation of Sl Citrate synthase (SlCS, citrate biosynthetic enzyme) by 1.28-and 1.73-folds, respectively compared to Pbz treated irrigated plants (control plants) (Fig. 3) . Succinate accumulated (1.63 fold) in Pbz-treated plants under irrigated conditions (1.6 ppm) and expression analysis revealed a 1.66-and 2.01-fold increases in Sl Succinyl-CoA ligase (succinate biosynthesis enzyme) SlSCoAL1 and SCoAL2 expression, respectively (Fig. 3) . Pbz (0.8 ppm) treated deficit irrigated plants showed significantly increased succinate abundance; an outcome of 1.21-and 3.66-fold increases in the expressions of SCoAL1 and SCoAL2 expression, respectively (Fig. 3) .
The TCA cycle, in addition to producing energy, also meets the onerous demand for carbon skeletons imposed by anabolic processes, such as amino acid synthesis, isoprenoid synthesis, and the control of the carbon to nitrogen (C/N) balance 40 . Oxidative stress (often associated with drought 7 ) was shown to have a profound inhibitory effect on the central metabolism in Arabidopsis thaliana, including the TCA cycle 40 . In this respect, our findings suggest that Pbz enhances tolerance potential of tomato plants to deficit irrigation through generation of higher energy and carbon skeleton sources for metabolism via up-regulating the TCA cycle.
Enhanced GABA production during stressful regimes is a plant's adaptive response from bypassing the 2-oxoglutarate dehydrogenase (an enzyme using GABA as a substrate) 41, 42 . Under water deficit, the enzyme 2-oxoglutarate of the TCA cycle is suggested to shift inhibition 43 of the TCA cycle supported by the activity of the GABA shunt 41, 42 . Further oxidative stress leads to impaired GABA-shunt thus increasing plant's susceptibility to oxidative stressors such as drought and heavy metals 37 . Taking into consideration that GABA shunt bypass TCA cycle 41, 43 and that the increased level of GABA can suppress TCA cycle intermediates like citrate and malate under C deficiency 44 we can suggest a shift of C skeletons flow from sugars metabolism to TCA cycle (Fig. 3) . The activity of TCA cycle under stress usually decreases 42 . In line with results discussed above we suggest a protective role of Pbz under water limitation. Deficit irrigation (0 DI) induced more GABA accumulation over control irrigated (0 I) plants (Fig. 3) . Pbz treated irrigated and deficit irrigated plants exhibited higher accumulation of GABA relative to their respective control plants. This improved GABA accumulation was linked with elevated expression of glutamate decarboxylase, SlGAD in Pbz treated irrigated and deficit irrigated plants as compared to their respective control plants. This higher expression of SlGAD, an enzyme essential for sustaining glutamate to GABA conversion 43 , suggested a significantly enhanced biosynthesis of GABA. Transcription of GAD is calmodulin dependent; under stress, calcium (Ca 2+ ) is known to be released from the mitochondria activating calmodulin and promoting the transcription of genes 45 . Increased tolerance under deficit irrigated conditions is also likely contributed by the Pbz enhanced GABA shunt activity supporting the TCA cycle and contributing to free GABA pools, which can serve as osmolytes 41, 42 . This view is supported by a significant increase in proline amino acids commonly associated with osmotic adjustment in Pbz treated plants subjected to water deficit stress as compared to deficit irrigated control plants (Table 2) . Similarly, glycine and valine also exhibited higher accumulation in 1.6 DI and 0.8 DI plants, respectively. Pbz treated irrigated plants also showed higher accumulation as compared to irrigated control plants. The accumulation of proline, glycine and valine has been demonstrated to be intimately involved in water deficit stress response stabilizing cellular membranes and structures, scavenging free radicals and serving as a precursor for GSH 46 (in case of glycine). Furthermore, GABA biosynthesis is linked to polyamine metabolism, which is known to be involved in multiple stress responses including drought in plants 47 . Besides their direct protective role, polyamines (especially spermidine) also regulate various fundamental cellular processes as signaling molecules. It has been shown that abiotic stress tolerance is achieved by the role of polyamines in signaling processes 48 . The conjugation of polyamines (especially spermidine) to photosynthetic complexes leads to enhanced photosynthetic activity under stress conditions 48 . The exogenous spermidine alleviates low temperature injury in Vigna radiata by modulating Ascorbate-Glutathione which includes AsA and GSH 49 . In the present study, the 0.8 DI and 1.6 DI plants exhibited higher accumulation of spermidine compared to deficit irrigation (0 DI) control plants (Fig. 2D) . Similarly 1.6 I plants also showed higher spermidine levels relative to its irrigated control plants (Fig. 2D) . This higher accumulation was further confirmed by the expression analysis of spermidine synthase (SlSPDS) (Fig. 2D) . So it is plausible to conclude that enhanced photosynthesis and reduced oxidative damage in the 0.8 DI and 1.6 DI plants may be an outcome of increased spermidine via modulation of the activity of GSH-ASC cycle.
Pbz induced sugar metabolism changes. Carbohydrates (Raffinose-family oligosaccharides, disaccharides and fructans) are building blocks of energy that also function as signaling intermediates regulating transcriptional, posttranscriptional and posttranslational processes in plants 18, 50, 51 . The outcome of an unfavorable drought stress condition is generation of highly toxic ROS production and subsequent scavenging via enzymatic and metabolic antioxidants. In this respect an emerging view relates the abundance of sugars and their associated metabolic enzymes to a plant's anti-oxidant osmoprotective system 51, 52 . For example, increased accumulation of proline, anthocyanins and soluble sugars was reported in Arabidopsis thaliana leaves imparting high osmoprotection under drought stress 53 . Similarly, paraquat-exposed Arabidopsis leaves illustrated adjustments in sugar metabolism as a necessity to survive oxidative stress 54 . Consequently, we analyzed the abundance of glucose, fructose and sucrose metabolites and their corresponding genes to deduce how Pbz treatment integrates deficit irrigation acclimation with osmoprotection. For example, a lower abundance of glucose metabolite levels was observed under control and water deficit plants treated with Pbz (0.8 and 1.6 ppm). This can be attributed to the increased activity of SlHexokinase that feeds the TCA cycle for pyruvate via conversion of glucose to glucose-6-phosphate (G-6-P) (Fig. 3) . Conversely, the levels of endogenous glucose-6-phosphate declined significantly in plants lacking water deficit stress (5.15-fold) whereas under water deficit stress Pbz (1.6 ppm), level of G-6-P increased significantly via elevated expression of Sl phosphoglucomutase (SlPGM, 7.03-fold compared to control). From the above observations it is proposed that increased sugar levels could maintain the integrity and normal functioning of proteins and membranes under deficit irrigation. While a Pbz-induced increase in TCA metabolism would demand enhanced carbon loading from the glycolysis, which could explain the decreased levels of the hexoses observed in the current study.
Pbz application enhances anti-oxidant activity via alteration of GSH-ASC cycle under deficit irrigation. Plants are endowed with low molecular weight non-enzymatic detoxification compounds like ascorbate (ASC) and glutathione (GSH) that may act as redox buffers for quick stress acclimation 55 . The GSH-ASC cycle functions at the heart of cellular redox reactions catalyzing the removal of hydrogen peroxide (H 2 O 2 ) produced by the disproportionation of O 2− in chloroplasts producing dehydroascorbate (DHA). In this regard, the enzyme DHA reductase constitutes the enzymatic link between cellular ascorbate and GSH pools. Recently GSH has been proposed to be the cellular redox sensor (previously suggested for the ascorbate/DHA redox dyad) due to its high concentration and reduced state 55, 56 . In the absence of stress plant leaves typically maintain a 20:1 ratio of GSH:GSSG, the deviation from which indicates stress. Moreover, a lower GSH:GSSG ratio under abiotic stress would imply abundance of ascorbate that could inhibit ABA biosynthesis preventing consequent re-acclimation towards normalcy. We analyzed metabolites and expression of genes belonging to this pathway to see how Pbz modulates their activity under control and deficit irrigation conditions. For instance (Fig. 4) , a significant increase in ASC (0.8 DI and 1.6 DI) and GSH (0.8 DI) concentration and expression of genes encoding for their respective enzymes SlGLDH (l-galactono-1,4-lactone dehydrogenase) and SlPGbeta (polygalaturonase-beta) in case of tomato 56 was observed in Pbz treated water-deficit plants as compared to water-deficit control plants (Fig. 4A,B,E) . In essence Pbz application enabled an increase in GSH/GSSG ratio by 2-fold under water-deficit stress over control plants allowing a tight control over the ascorbate-peroxidase pathway and consequently preventing oxidative damage. These findings are in accordance with previous observations 57, 58 , reporting higher concentration of ASC in the fruit juice of Pbz-treated citrus lemon, and similarly enhanced GSH level in Pbz-treated Vigna unguiculata. In general ASC and GSH are strong antioxidants which scavenge ROS and protect membranes from damage caused incurred by severe drought stress 7, 55 . Thus, Pbz-induced higher synthesis of ASC and GSH and the maintenance of the GSH/GSSG ratio (data not shown) and GSH-ASC cycle activity ensures sufficient scavenging of ROS generated under water deficit.
Pbz affects cell wall metabolism, electrolyte leakage and membrane integrity contributing tolerance to water deficit. Water deficit critically affects cell wall metabolism causing wilting and senescence 7 . The effect of Pbz treatment under water deficit was measured in terms of putative alterations in cell wall metabolites arrangement. The PME (Pectin methyl esterase) activity increases cell wall porosity by inducing changes in permeability of the plasmodesmata 59 and reduces apoplastic pH which in turn activates the local hydrolases XTHs (Xyloglucan endotransglycosylase/hydrolase). The XTHs are involved in cell wall biogenesis, cell wall organization, organ abscission and xyloglucan metabolism [60] [61] [62] . Expansins are involved in various biological functions like cell wall loosening, cell wall organization, regulation of stomatal movement, unidimensional cell growth, wall disassembly during fruit ripening, abscission and other cell separation events 63 . In the present study, we performed expression analysis of the aforesaid cell wall related genes to discover the putative alterations in cell-wall organization which may contribute tolerance to deficit irrigation. The DI+ Pbz treated plants exhibited elevated expressions of SlPME as compared to DI control plants (Fig. 5B) . However, I+ Pbz did not show significant change from relative irrigated control which suggests that Pbz mediated elevation of SlPME is dependent on irrigation (Fig. 5B) . In case of SlXTH5, the DI plants showed higher expression as compared to irrigated control plants which suggest that elevation of SlXTH5 in DI plants is due to deficit irrigation stress (Fig. 5D) . Similarly, SlEXP1 also exhibited higher expression in DI control plants as compared to irrigated control plants (Fig. 5D) . Among secondary sugars, fucose (a hexose deoxy sugar) is a major constituent of plant cell wall surface and plays a key role in cell wall protection 64 . A two fold increase in fucose content was observed in plants during deficit irrigation treated with Pbz (0.8 and 1.6 ppm) when compared to deficit irrigation control plants (Fig. 5A) . A similar increase was observed in other cell wall constituents like xylose (1.6 DI plants) and ferrulic acid (0.8 DI plants) in Pbz-treated plants under deficit irrigation stress indicating that Pbz helps in stabilizing and protecting cell wall integrity and permeability during deficit irrigation stress (Fig. 5C,E) . Another indicator of cell membrane integrity is electrical conductance or electrolyte leakage. The onset of drought stress often results in damage to plant tissue that can be quantified using a conductivity meter upon immersion in ion-free water. In principle, cell contents leak at a higher rate due to cell membrane rupture or faulty transmembrane protein pumps that regulate to and fro movement of cell fluids 65 . In the current study, there were no significant difference observed in electrolyte leakage in DI and DI+ Pbz treated plant leaves. However, the roots of 1.6 DI plants exhibited significantly reduced electrolyte leakage relative to control DI plants (Fig. S5) . This data suggest that Pbz has inhibitory effect on electrolyte leakage in root but no effect in leaf at this stage of plant development. The leaves of both DI and DI+ Pbz plants showed reduced electrolyte leakage as compared to irrigated control plants (Fig. S5) . The Pbz-induced reductions in EC was in accordance with previous observations 29 .
The present study has provided detailed insights into Pbz induced water deficit irrigation tolerance mechanism in tomato plants (Fig. 6) . Pbz modified morphological parameters causing reduced height and increased stem diameter thus leading to smaller plants with relatively better performance under water deficit stress. Pbz increased leaf thickness, chlorophyll content, stomatal conductance and photosynthesis. Even though the total photosynthates were less because of the significantly reduced leaf area, the growth condition of Pbz treated plants was considerably better than non Pbz-treated plants. The RGR of tomato plants was higher after Pbz application during water deficit stress. Moreover, Pbz increased both dry weight and area of basal root to primary root ratio, that made roots of Pbz treated plants more accessible to water and nutrients in the upper soil. The increased SRA Figure 6 . A schematic model describing mechanism of Pbz mediated water deficit tolerance in tomato. Drought stress in plants is accompanied by secondary oxidative or osmotic stress leading to reduction in water potential, disruption of ionic and osmotic homeostasis and damage to proteins and membranes, ultimately resulting in reduced photosynthetic efficiency and overall growth of the plant. Such a signal, perceived in the nucleus leads to activation of stress responsive genes. Similarly, anti-oxidant genes, genes responsible for ABA biosynthesis as well as genes governing primary metabolism (sugar synthesis, glucose, fructose, sucrose) and constituents of cell wall permeability are induced imparting osmoprotection, re-establishment of cellular homeostasis and tolerance to water deficit. Water deficit stress when applied in conjunction with Pbz engenders modulation of central metabolism through enhanced TCA cycle activity and regulation of gene expression associated with GABA shunt signaling. Generally, external stimuli like drought stress or deficit irrigation described here lead to increase in endogenous GABA levels permitting its adherence to cell-surface binding sites, enabling an interim increase in Ca 2+ pools and its import into cells through high affinity GABA transporters (e.g., GAT1 74 ). Considerably, GAD is activated through a Ca 2+ /CaM complex 45, 75 . Thereafter, increased intracellular GABA activates various signaling cascades and genes of primary metabolism (SlHK and SlPGM) while inhibiting some, like genes responsible for cell wall-modifications. Additionally, subject to outside environment, a substantial portion of cytosolic GABA makes way into mitochondria via the GABA permease, At GABP 76 , for catabolism by GABA-T and SSADH, producing succinate for feeding into the Calvin Cycle. Enzyme represent oval grey boxes, their reactions represented by black arrows. Brown lines indicate a regulatory effect. Blue spheres denote GABA, red crescents denote GABA receptors. Abbreviations: Pbz, Paclobutrazol; GABA, γ-aminobutric acid; GAT1, GABA transporter 1 SlNCED, 9-cis-epoxy-carotenoid dioxygenase; SlTIP2, tonoplast intrinsic protein 2; SlHK, hexokinase; SlPGM, phosphoglucomutase; SlPME, Pectin methyl esterase; SlXTH5, Xyloglucan endotransglycosylase; SlEXP1, expansin1; SlGDH, Glutamate dehydrogenase; CaM, calmodulin; GAD, glutamate decarboxylase; GABA-T, GABA transaminase; SSADH, succinic semialdehyde dehydrogenase; respectively.
Scientific RepoRts | 6:39321 | DOI: 10.1038/srep39321 of the first two orders' root and decreased SRA of the third order root were not only able to improve water and nutrient uptake efficiency but also transport capability, that ensured plants had enough resource access (unpublished results). On the other hand, the increased NPQ in Pbz-treated water-deficit plants implied higher ability in scavenging excessive photo damage through heat dissipation. At metabolomics and expression level, higher accumulation of intermediates of the TCA cycle and expression of key enzymes of TCA, signify higher TCA cycle activity in mitochondria, providing more energy and carbon skeletons (Fig. 6) . GABA shunt reduced the risks of excess reductants coming from up-regulated TCA cycle enabling plants better acclimation to drought stress (Fig. 6) . Taken together the higher content of GSH and ASC, Pbz treated water-deficit tomato plants were better suited for defense against antioxidants and maintaining better growth and viability under drought stress. The higher content of fucose, itaconate, proline and glycine and less electrolyte leakage in Pbz treated plants under water deficit ensures higher membrane stability under drought stress. Above all, even though the plants were grown in sandy loam, Pbz still increased plant's tolerance to deficit irrigation at morphological, metabolic and molecular level. This study thus provides us with an impending tool to generate drought tolerant plants via Pbz application in an eco-friendly way. Flowers were removed at regular intervals to avoid effects of reproductive organ development on the experimental set up and water status of the plants under study. The 105 days old plants were harvested to determine the effects of Pbz on irrigated and deficit irrigated regimes at the metabolomic and molecular level in plants. In one independent experiment, 24-25 plants were used for each treatment. Three independent experiments were performed. For each biological replicates three technical replicates were performed.
Materials and Methods

Plant
Pbz application. The soil drench method 67 was used for the application of three concentrations of Pbz (0, 0.8 and 1.6 ppm) directly to the seeds. The Pbz solution was applied circumferentially close to the individual seed in each pot. Morphological parameters. Plant height, number of leaves, leaf area (LA), and stem thickness were measured twice a week. Root surface area (RA) was determined at the 80 th day after planting (DAP) by separately scanning a subset of basal roots and the primary roots with laterals using Epson Expression 10000XL with a transparency unit. Specific root area (SRA) was determined using the software WinRhizo 2005c (Régent Instruments Inc., Québec, QC, Canada). The following formula was used to determine the total root surface area (RA):
Chemicals and reagents.
Total root surface area(RA) basal root dry weight (RDW) SRA primary RA Biomass. Relative growth rate (RGR) was determined on dry weight basis of harvested plants. Shoot dry weight (ShDW) and root dry weight (RDW) were measured using a fine weighing scale (EI-i series, A&D Company Limited).
Physiological parameters. Photosynthesis, stomatal conductance, NPQ and electron transport rate (ETR)
were measured with a portable photosynthesis system twice a week (LI-6400XT; LI-COR, Lincoln, NE, USA). In brief, green leaves were enclosed in the IRGA under a light intensity of 700 PPFD, 400 μ mol mol −1 CO 2 at 25 °C leaf temperature at relative humidity between 40 and 55%.
Chlorophyll (Chl) content was determined with CCM-200 plus portable fluorometer (Opti-Sciences, USA). From a pool of plants for each treatment (25 plants/treatment) Chl content index was calculated. Drainage collection was determined on weekly basis. Water-use efficiency (WUE) was calculated using a formula described in ref. 68 . All the parameters were measured on the third leaf from the plant apex at same time of the day (11 am) to remove circadian effects.
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Metabolite profiling. Metabolite profiling was performed with a Thermo Scientific DSQ II GC/MS as exactly described in Lisec et al. 69 (please see also supporting information). Metabolite extraction, analysis and identification were exactly as described 69 .
RNA isolation, cDNA preparation and quantitative real-time PCR. Total RNA was extracted from liquid N 2 snap-frozen tomato leaves using TRI reagent (Sigma-Aldrich, Israel) as per the manufacturer's instructions. qPCR was performed with an ABI PRISM 7500 Sequence Detection System (SDS) (Applied Biosystems, Life Technologies, CA, USA). Each reaction contained 5 μ l PerfeCTa ® SYBR ® Green Fast Mix ® (Quanta Biosciences), 40 ng cDNA and 300 nM of gene-specific primer in a final volume of 10 μ l. PCR amplifications were performed using the following conditions: 95 °C for 30 s, 40 cycles of 95 °C for 5 s (denaturation) and 60 °C for 35 s (annealing/extension). Data was analyzed using the SDS 1.3.1 software (Applied Biosystems). The expression of 32 genes-encoding enzymes involved in the tricarboxylic acid (TCA) cycle, sugars, ascorbic acid (ASC), the glutathione (GSH)-ASC cycle, GABA metabolism, cell wall stability, ABA and spermidine metabolism were analyzed (Table S1 ). Most of the primers used for the qPCR analysis were taken from published data, while some primers of the tomato genes were designed using their Arabidopsis orthlologs for a homology search against the EST databank of S. lycopersicum available at www.plantgdb.org and www.pubmed.com. Gene specific primer pairs for each gene were designed as described 70 . qPCR data was analyzed using SDS 1.3.1 software (Applied Biosystems) and relative quantification values for each target gene was calculated by the 2 −∆∆CT method 71 , using Actin Tom 41(U60480)as a reference gene. Gene expression was normalized to the expression level of irrigated plants without Pbz (before water deficit stress started), which was assigned a value of 1. The specificity of the all the primers were checked using dissociation curve analysis at the end of each run. All reactions were performed in triplicates. All RT-qPCR experiments were repeated three times using cDNAs prepared from three independent biological samples of tomato leaf tissues representing conditions tested.
ELISA competitive assay for ABA quantification. The ABA quantification was performed with the ELISA kit as per the manufacturer's instructions. Standards and samples were run in duplicates and the concentration of ABA was calculated using the formulae provided with the kit.
Western blotting of aquaporin (water channel protein). Expression of AP was determined using plasma membrane intrinsic proteins (PIP2-7) antibody as described previously 36 .
Measurement of stress indices. Total GSH (reduced) and GSSG (oxidized) content was determined with UPLC-Q-TOF-MS (Waters Corp., Manchester, UK) 72 . The relative content of amino acids implicated in water deficit tolerance; glycine (Gly), glutamine (Gln), glutamic acid (Glu), proline (Pro), leucine (Leu), serine (Ser), tryptophan (Trp) and valine (Val) was determined with a Thermo Scientific DSQ II GC/MS using a Factor Four Capillary VF-5ms column 69 . Electrolyte conductance (EC) was determined as described previously 10, 11 .
Statistical analysis. Unless otherwise stated, all the experiments were repeated three times, and within each experiment, treatments (0, 0.8, 1.6 ppm Pbz, irrigated and deficit-irrigated) were replicated five times, with each replication comprising of 24-25 pooled plants. A one-way analysis of variance (ANOVA) was carried out using p < 0.05 as a measure of significance. All statistical calculations were performed using MeV 4.9 software 73 . The results of metabolite analysis were visualized in a heat-map view using "ggplot2" (H. 
